Objective: To investigate the effect of low-frequency mechanical vibration (LFMV) on the prevention of relapse after active orthodontic tooth movement, bone volume fraction (BVF), tissue density, and the integrity of periodontal ligament. Materials and methods: Thirty male CD1, 12-week-old mice were used for the study. Mice were randomly divided into three groups: 1. control group, 2. relapse group, and 3. relapse + 30 Hz vibration group. In the control group, first molar was moved mesially for 7 days using nickeltitanium coil spring delivering 10 g of force, whereas in relapse and relapse + 30 Hz groups, first molar was moved mesially for 7 days and then orthodontic force was removed and molar was allowed to relapse for 7 days. In relapse + 30 Hz group, LFMVs were applied at 30 Hz. Micro-focus computed tomography (micro-CT) was used for tooth movement measurements (relapse), BVF, and tissue density. Additionally, immunostaining for sclerostin, tartrate-resistant acid phosphatase staining, and picro-sirius red staining were performed on histological sections. Results: LFMV at 30 Hz showed a tendency to decrease relapse but was not statistically significant. Micro-CT analysis showed a trend towards increase in BVF and tissue density with application of LFMV. Sclerostin expression was decreased with 30 Hz vibration. Additionally, the picro-sirius staining showed that LFMV at 30 Hz helped in maintaining the thickness and integrity of collagen fibres in periodontal ligament. Limitations: This is an animal study and extrapolation of the current findings to the clinical situation must be done with caution, as there is no osteonal remodelling (secondary remodelling) in mice when compared to humans. Conclusion: There was no statistically significant difference in the amount of relapse between the relapse-only and relapse + 30 Hz groups. However, there was a trend of decrease in relapse with 30 Hz mechanical vibration.
Introduction
Orthodontic tooth movement is a tightly regulated and balanced process, which involves both remodelling and modelling of alveolar bone (1) (2) (3) (4) . Remodelling and modelling involve a co-ordinated action of osteoclasts and osteoblasts, in response to mechanical loading (1, 5) . Retention is the last phase of orthodontic treatment and it serves to maintain teeth in their final position after active orthodontic tooth movement. Usually teeth have a tendency to relapse back to their original position following orthodontic tooth movement. Relapse has been thought to be multifactorial and is directly related to muscular imbalance leading to bone turnover (catabolic bone modelling and remodelling).
Researchers have used pharmacologic agents to prevent relapse after active orthodontic treatment (6) (7) (8) (9) . Kim et al. (10) showed that systemic administration of bisphosphonate significantly inhibits the relapse of mesialized molar by inhibiting the bone turnover (decreased osteoclastic activity). Similarly, Hassan et al. (11) showed that administration of bone morphogenic protein inhibits the relapse of the tooth by increasing the anabolic bone modelling (increasing osteoblastic activity). However, majority of pharmacological agents induce systemic effects rather than local effects, which may lead to some unwanted side-effects.
Studies have shown that whole body mechanical vibration may have an anabolic response on the bone mass and architecture (12) (13) (14) . Rubin et al. (15) did a randomized controlled trial on postmenopausal female and applied whole body vibration (30 Hz frequency) and concluded that mechanical vibration inhibits the bone loss (decreased alveolar bone turnover). In a recent study, Kalajzic et al. (16) showed the inhibitory effect of the cyclical forces (30 Hz and 40 g of force applied through electromechanical actuator) on the orthodontic tooth movement due to decreased catabolic bone modelling (decreased number and surface of osteoclast with cyclical vibration). However, the effect and mechanism of low-frequency mechanical vibrations (LFMVs) on retention after active orthodontic tooth movement still remain unclear. To our understanding, this is the first in vivo study looking at the effect of LFMV (frequency = 30 Hz) on prevention of relapse after orthodontic tooth movement.
Osteocytes are thought to orchestrate the 'orthodontic mechanotransduction', i.e. reacts to stresses and strains through the biological signals (17, 18) . The role of osteocytes in bone remodelling and modelling has been well documented (17, 18) . It has been shown that osteocytes are the major source of sclerostin (product of sost gene) and antagonize the canonical wnt signalling pathway, thus exhibiting an inhibitory effect on bone formation (19, 20) . Matsumoto et al. (21) demonstrated the role of osteocytes in resorption modelling during orthodontic tooth movement (mechanotransduction) using osteocytes ablated mice. With this research, we will also focus on the change in sost expression after active orthodontic tooth movement.
Our null hypothesis was that there would be no difference in the amount of relapse (tooth movement) between relapse-only group and relapse + 30 Hz mechanical vibration group. We had three specific aims: 1. to determine the effect of LFMV (30 Hz) on the prevention of relapse after active tooth movement; 2. to quantify the bone modelling and remodelling in both control group (tooth movement group) and experimental group (relapse and relapse + 30 Hz groups) using micro-focus computed tomography (micro-CT) and immunostaining; and 3. to determine the effect of LFMV on the integrity of the periodontal ligament (PDL).
Materials and methods

Experimental design
The Institutional Animal Care Committee of the University of Connecticut Health Center approved this animal study. The approval number was 100340. The data for this study were obtained from 30 CD1 male mice (Charles River, body weight 24-30 g). The 12-weekold mice were randomly divided into three groups: 1. control group (n = 10 mice), 2. relapse group (n = 10 mice), and 3. relapse + 30 Hz vibration (n = 10 mice). The animals were allowed at least a week of acclimatization at the University of Connecticut Health Center to compensate for their different origins. Orthodontic tooth movement of the right maxillary first molar was performed using nickel-titanium coil spring for 7 days. In relapse and relapse + 30 Hz groups, orthodontic force was removed after 7 days, allowing for 7 days of relapse of the right maxillary first molar. Additionally LFMV of the maxillary first molar was performed in relapse + 30 Hz group 1 day before the removal of orthodontic force and throughout the relapse phase of the experiment. All the animals in the control and experimental groups were weighed twice a week.
Appliance delivery
Animals were placed under general anaesthesia with xylazine (13 mg/ kg) and ketamine (87 mg/kg). A custom mouth-prop was fabricated from 0.036-in. stainless steel (SS) wire and was placed between the maxillary and mandibular incisors in order to hold the mouth open. A 0.004-in. SS ligature wire was passed beneath the contact between the first and second right maxillary molars and was threaded to the first maxillary molar ( Figure 1A) . A low force/deflection rate nickeltitanium coil spring (Ultimate arch wires, Bristol, Connecticut, USA) delivering 10 g of force was attached to the 0.004-in. SS ligature around the first molar and the other end of the spring was attached to the incisors using 0.004-in. SS wire. The force/deflection rate (F/Δ) for the spring was determined in order to calibrate the amount of force produced by activation of the spring.
Additionally, grooves 0.5 mm from the gingival margin were prepared on the facial, lingual, and distal surfaces of the maxillary central incisors to prevent the ligatures from dislodging from the incisor due to their lingual curvature and eruption pattern. Selfetching primer (Transbond Plus Self Etching Primer, 3M Unitek) and light-cured adhesive resin cement (Transbond 3M Unitek) were applied to the lingual surface of the first molar and incisors to secure the ligature wire. In order to minimize the distal movement of the left incisor and reinforce the anterior anchorage, the right and left incisors were joined to act as a unit ( Figure 1A ). After appliance insertion, the mice were allowed to recover in the presence of an incandescent light for warmth and the animals were returned to their cages once full ambulation and self-cleansing returned. The appliance was checked every alternate day and if necessary additional bonding material was added under general anaesthesia.
Mechanical vibration for orthodontic tooth movement
After induction of anaesthesia, a custom mouth-prop fabricated from 0.017 × 0.025-in. titanium molybdenum alloy wire was placed between the maxillary and mandibular incisors in order to hold the mouth open. A feedback-loop controlled, electromechanical actuator (Model 3230, Bose/EnduraTec, Minnetonka, Minnesota, USA) was utilized in order to apply unilateral LFMV to the occlusal surface of the maxillary right first molar along the long axis of the tooth ( Figure 1B ). The 30 Hz LFMV was applied for 15 minutes at 1 cN of force through electromechanical actuator throughout the relapse period.
Euthanasia
After 7 (control group) and 14 (relapse group and relapse + 30 Hz vibration group) days of experimental period, animals were euthanized by inhalation of carbon dioxide followed by cervical dislocation.
Tissue preparation
The maxilla was hemisected and attached soft tissue and muscle were removed. Subsequently hemisected maxilla was placed in 10 per cent formalin for 5 days at 4°C. Samples were then washed with tap water for 5 minutes, decalcified in 14 per cent ethylenediamine tetraacetic acid for 3 weeks and then processed for standard paraffin embedding. Serial sagittal sections (5 µm) were obtained from the mesial and the distal roots of the maxillary first molar.
Tooth movement measurement
All the animals in different control and experimental groups were used to measure the tooth movement. Three-dimensional image arrays of hemisected right maxilla were collected using micro-CT. orthodontic tooth movement (OTM) was defined and measured as the distance between maxillary first and second molars at the most mesial point of the second molar crown and the most distal point of the first molar crown (1M-2M distance). The initial distance at Day 0 was 0 mm in all groups (i.e. convex crown surfaces were touching). The OTM measurements were in sagittal plane, locating the image plane that revealed the most root structure. The original 2D image was then magnified 10 times to get more precise line drawings, which were made at the closest proximity of the two convex molar crown surfaces. The OTM was measured on the three randomly selected sagittal sections on each animal. The mean/average of three randomly selected was taken as final measurement for orthodontic tooth movement for each animal.
Bone parameters
The bone volume fraction (BVF) and tissue density were analysed using micro-CT (SCANCO Medical AG, Brüttisellen, Switzerland). Micro-CT images were used for quantitative analysis of bone changes occurring in the region of the maxillary first molar. The samples were scanned in liquid, one at a time with high resolution in 16 mm holder. The X-ray tube potential (peak) was 55 kVp and the X-ray intensity was 145 JA, with a voxel size of 8 Jm. There were 1000 projections for each sample and the scanning time for each sample was 300 000 Js. Changes in the alveolar bone were studied by analysing the furcation area of the maxillary first molar. The region of interest for the alveolar bone analysis was defined vertically as the most occlusal point of the furcation to the apex of the first maxillary molar roots and transversely as the space between the buccal and lingual cortical bone, and sagitally it included fifty 10 μm sections beginning at the mesial root and continuing distally to the mesial boundary of distal root (Figure 2A ). Moreover, in order to distinguish calcified tissue from non-calcified tissue, an automated algorithm using local threshold segmented the reconstructed grey scale images. The morphometric traits were computed from binarized images using direct 3D techniques that do not rely on prior assumptions from the underlying structures. Furthermore, the calculation of the BVF and tissue density was based on the analysis of the reconstructed image (Figure 2A) .
Histology, immunohistochemistry, TRAP, and picrosirius red staining Deparaffinized molar sections were blocked with 1× Universal Blocking Reagent (HK085-5k, Biogenex, Fremont, California, USA) for 10 minutes at room temperature and were then incubated with goat polyclonal anti-SOST antibody (AF1589, R&D Systems, Minneapolis, Minnesota, USA) overnight at +4°C at concentration of 5 µg/ml. Next day, sections were washed with phosphate buffered saline (PBS) and incubated with Alexa Fluor 594 donkey antigoat immunoglobulin G (A-11058, Life Technologies, Grand Island, New York, USA) at concentration of 1:300 for 1 hour. After several washes in PBS, sections were mounted with a suspension of 50 per cent glycerol in PBS containing the nuclear stain DAPI (Hoechst, Life Technologies, H3570) at concentration of 1:5000.
Tartrate-resistant acid phosphatase (TRAP) staining was performed using a leukocyte acid phosphatase (TRAP) kit (386-1KT, Sigma-Aldrich, St Louis, Missouri, USA) according to the manufacturer's instructions. Only red stained cells with more than two nuclei that were lying on the bone surface were considered active osteoclasts. The quantification area included a 200 µm of alveolar bone area on the mesial (compression side) of distobuccal root. The osteoclast numbers were counted in six different sections from four mice in each group and the values were then averaged for each animal in order to run a statistical test.
Collagen fibres play a vital role not only in maintaining the structural integrity but also in determining the function of the periodontal ligament tissue. Picro-sirius red stain has been used to determine the histochemistry of collagen fibres. The colour of collagen fibres stained with picro-sirius red depends on the fibre thickness and quality (i.e. thin collagen fibres: poor quality; thick collagen fibres: good quality), as the fibre thickness increases from yellow to orange to dark red. Deparaffinized sections were stained with 1 per cent picro-sirius red for 1 hour, washed with acidified water (0.5 per cent acetic acid water), and dehydrated with serial ethanol washes before mounting. Sections were examined with an observer ZI fluorescent microscope (Carl Zeiss, Thornwood, New York, USA).
Statistical analysis
Descriptive statistics were used to examine the distribution of BVF, tissue density, first molar movement, osteoclast surface area, and number of osteoclast. A one-sample Kolmogorov-Smirnov test was used to examine the normality of data distribution. Outcomes were compared between control group, relapse group, and relapse + 30 Hz group using one-way analysis of variance (ANOVA) and KruskalWallis test where applicable. Multiple pairwise comparisons were conducted to examine differences in outcomes between the control group and the treatment groups. In order to minimize the possibility of Type 1 errors due to multiple pairwise comparisons, Bonferroni adjustments were conducted. For each outcome, a total of six pairwise comparisons were conducted. The P-value was set at 0.008 to be statistically significant. All statistical tests were two sided. SPSS Version 22.0 (IBM Corp., North Carolina, USA) software was used to conduct the data analysis.
Results
All the mice included in the study remained healthy and had slight increase in body weight. The final sample consisted of 30 mice (10 in control group and 10 each in relapse and relapse + 30 Hz groups). The overall distribution of BVF, tissue density, and first molar movement is summarized in Table 1 . Tests for normality indicated that BVF, osteoclast number, and osteoclast surface area were distributed normally, while tissue density and first molar movement were not (P < 0.007). Furthermore, distributions of outcomes by the treatment groups are summarized in Table 2 .
Intermolar distance (tooth movement)
There was a significant difference in first molar movement among the control (0.115 ± 0.039 mm) and the relapse (0.030 ± 0.02 mm) and relapse + 30 Hz (0.045 ± 0.01 mm) groups (P < 0.0001; Figure 1B and Table 1 ). Multiple pairwise comparisons showed that there were significant differences between control (0.115 ± 0.039 mm) and relapse group (0.030 ± 0.02 mm; P < 0.0001), control and relapse + 30 Hz groups (0.045 ± 0.01 mm; P = 0.002), even after Bonferroni corrections. Overall, the mean first molar movement was significantly higher in the control group compared to the other two groups.
Bone parameters
Micro-CT analysis showed that there was no significant differences in BVF among the control group (80.62 ± 6.46 per cent), relapse group (79.03 ± 6.34 per cent), and relapse + 30 Hz group (83.91 ± 4.48 per cent; P-value from one-way ANOVA is 0.252; Figure 2B and Table 1 ). Our results from the Kruskal-Wallis test showed that there was a significant difference in distribution of tissue density ( Figure 2C and Table 1 ). Our results showed that tissue density was significantly more in relapse + 30 Hz group (1164.24 ± 27.29 mm/ccmHA) when compared to relapse-only group (1099.65 ± 44.54 mm/ccmHA; P < 0.007; Figure 2C and Table 1 ).
SOST expression
Our data show reduction in sclerostin expression on the tension side and compression side with 30 Hz vibration ( Figure 3C and 3F) , when compared to the relapse-only group. Relapse-only group had highest sost expression on the compression and tension side ( Figure 3B and 3F) .
Collagen fibres
Our data show that orthodontic loading disrupts the integrity and the quality of the PDL fibres ( Figure 4A ). Our relapse + 30 Hz vibration group showed that LFMV at 30 Hz restores thickness of collagen fibres, which was lost due to orthodontic loading. Control group and relapse-only group had least thickened and wavy fibres, whereas relapse + 30 Hz group had thick collagen fibres as evident by the dark red stain ( Figure 5 ).
Osteoclast number
The result showed that LFMV at 30 Hz decreases the number of osteoclasts and osteoclast surface area. Our relapse + 30 Hz group showed the least number of osteoclast among the three different experimental groups. Moreover, the osteoclast number was significantly reduced in relapse + 30 Hz group (P < 0.008), when compared to control group. Similarly, osteoclast surface area was significantly less in relapse + 30 Hz group when compared to control group (P < 0.008) and relapse-only group (P < 0.008).
Discussion
The null hypothesis of this study that there would be no difference in the amount of relapse between experimental groups (relapse-only and relapse + 30 Hz) was accepted. We selected 30 Hz LFMV for our study, as the work of Kalajzic et al. (16) showed that 30 Hz cyclical forces inhibit orthodontic tooth movement.
The relapse after active orthodontic tooth movement is multifactorial but primarily depends on the bone and periodontal tissue turnover (quantity and quality of bone: BVF and bone density). Our study showed that there was a tendency of decrease in relapse after orthodontic tooth movement with 30 Hz of LFMV. The tissue density was significantly higher with in relapse + 30 Hz mechanical vibration group (1164.24 mg/ccmHA) when compared to relapse-only group (1099.65 mg/ccmHA). Moreover, there was an increase in BVF in relapse + 30 Hz (83.91 per cent) vibration group when compared to relapse-only group though not statistically significant (79.03 per cent). Similar, results regarding BVF were shown by Kalajzic et al. (16) and probably the reason could be inhibition of osteoclastogenesis with 30 Hz mechanical vibration, thus leading to prevention in relapse after orthodontic tooth movement. Alikhani et al. (22) exposed the maxillae of mice to 0.3 g acceleration at different frequencies (static, 30 Hz, 60 Hz, 100 Hz, and 200 Hz) showed that BVF or rate of alveolar bone formation and bone mineral density at different frequencies were significantly higher than the control group. Our study showed similar results of increase in tissue density and BVF after the application of 30 Hz mechanical vibration, but we applied LFMV for a short period of time and may be prolonged application of LFMV may result in more anabolic response of the bone. Furthermore, Vij et al. (23) showed that cyclical loading is capable of sutural growth. showed almost 10 per cent increase in bone volume in tibia and they attributed this to kinase-dependent inhibition of RANKL expression in the bone stromal cells (5, 12, 15) . The sclerostin expression was decreased both on the tension and compression side with 30 Hz vibration in both the control and experimental groups ( Figure 3C and 3F). Tu et al. (24) have showed that sclerostin is secreted by osteocytes and inhibits bone formation through Wnt signalling; moreover, they showed that loss of sclerostin expression shows high bone mass. Our study showed similar results: with decrease in sclerostin expression in relapse + 30 Hz group, the BVF and tissue density were more when compared to those in control and relapse-only groups (Figure 3) . Moreover, our study indicated that there was a formation modelling/anabolic response to mechanical vibration (increased BVF and tissue density of relapse + 30 Hz group when compared to relapse-only group).
Limitations
Since this is an animal study, extrapolation of the current findings to the clinical situation must be done with caution, as there is no osteonal remodelling (secondary remodelling) in mice when compared to humans. Moreover, frictionless space closure mechanism was used in this research. The other limitation may be the use of single LFMV 30 Hz for preventing the relapse after the orthodontic tooth movement. Nevertheless, this in vivo study helped us in understanding the effect of LFMV on the surrounding alveolar bone and prevention of relapse after the orthodontic tooth movement. Our future studies will focus on applying different frequencies of mechanical vibration (15 and 45 Hz) and for a longer period of time.
Conclusions
1. There was no statistically significant difference in the amount of relapse between the relapse-only and relapse + 30 Hz vibration groups. However, there was a trend of decrease in relapse with 30 Hz mechanical vibration. 2. There was no significant difference in BVF among the different experimental groups. However, the tissue density was significantly increased with 30 Hz vibration. 3. The LFMV at 30 Hz did not have a deleterious effect on the integrity of PDL. In fact, LFMV helped in maintaining the thickness and integrity of the PDL after the application of orthodontic force. 4. Sost expression was higher with 30 Hz mechanical vibration both on compression and tension side.
